ABSTRACT-A new 31.5-kD ouabain receptor protein (NORP), which is independent of Na+-K+ ATPase, was recently isolated selectively from transverse tubule membrane-junctional sarcoplasmic reticulum (TTM-JSR) complexes of cat cardiac muscle. We investigated the role of this NORP in cardiac function with special reference to the positive inotropic effect (PIE) of ouabain, preparing and using a monoclonal antibody (MoAB, immunoglobulin) raised against the receptor protein. Electrically stimulated papillary muscles were immersed in a Tyrode solution containing the anti-NORP MoAB (401iM), of which the binding potency was high enough for immunological use, for 60 min and then washed out. Thirty minutes after removal of the MoAB, both twitch and K-contracture were still inhibited, but both resting and action potentials and caffeine-induced contracture were unchanged, indicating that NORP plays a key role in excitation (E)-contraction (C) coupling. The intracellular localization of the protein was investigated by immunohistochemical electron microscopy, and the protein was shown to be located on the TTM, the location being probably its external surface and opposite to feet which occupy the TTM-JSR gap. These results indicate that E-C coupling of cardiac muscle cells is mediated through NORP and that ouabain-PIE occurs through the influence of ouabain on NORP in the E-C coupling process.
There have been many studies on the mechanism of the positive inotropic effect (PIE) of cardiac glycosides on cardiac muscle. They demonstrated that glycosides bind to a high affinity site on the Na+-K+ ATPase, but the detailed mechanism is still a matter of speculation (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . However, we recently solubilized a novel 31.5-kD ouabain receptor protein (NORP) from cardiac muscle that is independent of the Na+-K+ ATPase of cardiac muscles (15) . This protein is extractable almost selectively from the transverse tubule membrane-junctional sarcoplasmic reticulum (TTM-JSR) system, which is regarded as a regulator of mechanical contraction or force-generation in muscle cells (16) (17) (18) (19) ; and as shown by 3H-ouabain photolabeling, it is probably responsible for ouabain potentiation (15) . Although the mechanism of coupling of the electrical events (E) at the TTM with the intracellular Ca-release indispensable for contraction (C) is still not sufficiently understood (17, 18, (20) (21) (22) (23) (24) (25) , our previous studies (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) have suggested that ouabain potentiation is produced by the action of ouabain on the E-C coupling process in the cardiac muscle.
In the present study, therefore, we examined the role of NORP in cardiac function with special reference to the PIE of ouabain; i.e., the physiological role and intracellular localization of NORP were investigated with a monoclonal antibody (MoAB) raised against the protein.
A preliminary report of some of these results was published previously as an abstract (36) .
MATERIALS AND METHODS

Recording of developed tension
Papillary muscles (about 0.5 mm in diameter and about 3 -5 mm in length) were isolated from the right cardiac ventricle of anesthetized (30 mg/kg sodium pentobarbital, i.p.) male kittens (1.5 to 2.3 kg). These were attached to a mechanoelectric transducer system (TB 1567; Nihon Kohden, Tokyo) at rest length (115% of the equilibrium length; resting tension, i.e., initial load, about 300 mg) and immersed in 200 pl normal Tyrode solution containing 145 mM NaC1, 4.7 mM KCI, 1.3 mM CaC12, 0.4 mM NaH2PO4, 1.0 MM MgC12, 10 MM glucose and 5.0 mM NaHCO3 (pH 7.0). Bathing solutions were oxygenated with 95% 02 and 5% CO2. Twitch and contracture tensions were measured isometrically. All experiments were performed at about 23C.
When twitch tension (0.1 Hz) attained equilibrium, the bathing solution was replaced with fresh normal Tyrode solution. Then anti-NORP MoAB was applied for 60 min, after which time it was removed. Anti-NORP MoAB was used at a concentration of 10 fig/ml; and in the control cases, nonimmune immunoglobulin was applied (see the subsection after next). Stimuli consisted of rectangular pulses, 3 msec in duration at twice the threshold intensity delivered by an electrical stimulator (SS-101J, Nihon Kohden). To evoke contracture, the normal Tyrode solution was replaced by either K-Tyrode solution (145 mM K instead of Na) or K-Tyrode solution containing 50 mM caffeine.
Isolation of TTM-JSR complexes and solubilization and purification of NORP Isolation of TTM-JSR complexes and solubilization and purification of NORP, the 31.5-kD protein, were performed according to the previously described methods (15, 37) except for the additional use of wheat germ agglutinin (WGA) affinity chromatography to remove all the dihydropyridine (DHP) receptor protein and its subunits. WGA affinity chromatography was done according to Curtis and Catterall (38) . The 31.5-kD protein in the present study was one of the concanavalin A (Con A)-sensitive proteins in the WGA-void fraction obtained by partitioning of a 3-(3-cholamidopropyl)dimethyl-ammonio-1-propanesulfonate (CHAPS) extract of cat cardiac TTM-JSR complexes. The 31.5-kD protein was purified as follows: A band with molecular weight of 31.5 kD (a in B-2 of Fig. 1 ) was cut out of the gel, and this slice was crushed in elution buffer (pH 5.3) comprising 0.1 % SDS, 0.1 mM EDTA, 5 mM dithiothreitol, 150 mM NaCI and buffering reagents (100 mM citric acid and 200 mM Na2HPO4) (15) .
Preparation of the anti-NORP MoAB
The anti-NORP MoAB (No. CH9201) was prepared as an immunoglobulin by the previously described method (37) except for the use of cat cardiac NORP instead of frog skeletal 31.5-kD protein (electrometrin) as the antigen. A 5-to 6-week-old female BALB/c mouse received an intraperitoneal injection of the Con A-sensitive proteins (100 pg of protein) from cat cardiac muscle TTM-JSR in Freund complete adjuvant. Then the immunization was repeated twice at 2-week intervals with 50 pg of the proteins in the adjuvant. Two days after the last immunization, the mouse was sacrificed. Spleen cells were fused with myeloma cells (63-Ag8-6.5.3). At 10-14 days after the fusion, hybridomas with the ability to secrete AB against the NORP (31.5 kD) were selected and cloned by the limiting dilution technique and ELISA. Ascites fluids were produced. The fluids were centrifuged at 15,000 x g for 15 min, and the immunoglobulin fraction was precipitated in ammonium sulfate (pH 7.4) at 41C for 2 hr. The precipitate was dialyzed against 10 mM phosphate buffer containing 110 mM NaCI (pH 7.2). After the dialysis, the immunoglobulin fraction was purified by protein A-affinity chromatography, freeze-dried and stored at -90 C.
Binding potency of MoAB
The binding potency of the prepared MoAB protein was determined with the ELISA method. In the ELISA method, the minimum MoAB concentration required for saturation of NORP was 5.0 pg/ml, showing that the isolated MoAB globulin is of sufficiently high potency for immunological applications. In the experiments, MoAB was used at a protein concentration of 10 pg/ml (about 40 nM), which is 2-fold higher than this minimum concentration. In the case of the control, nonimmune immunoglobulin (10 pg protein/ml) was used and applied. This protein was a mixture of immuno-inert preparations, which could be obtained from the procedure to prepare anti-NORP MoAB and goat anti-rabbit immunoglobulin.
Western blot analysis
After SDS-PAGE (4 -20% gradient gel (39)) of the purified 31.5-kD protein from band in B-2 of Fig. 1 , the protein band was transferred onto a nitrocellulose membrane (40) . The membrane strip was incubated in incubation buffer containing MoAB (10 pg/ml) and then treated with an ABC Kit (avidin-biotin system; Vector Laboratories, Burlingame, CA, USA) according to the routine method for the nitrocellulose procedure. Diaminobenzidine was used as the color reagent for developing the immunoblot (a in C-2 of Fig. 1 ) as previously reported (37) .
Immunohistochemical electron microscopy Electron microscopy was performed by routine procedures. Either immunogold (diameter of gold particles: 5 nm) or the ABC kit was used for immunohistochemical staining. The set-up for the first half (i.e., binding of anti-NORP MoAB to living papillary cells) of the procedure was the same as that described for tension recording (see B of Fig. 2 ). That for the latter half (i.e., immunohistochemical procedure) was as follows: 1) Immunogold method: Thirty minutes after replacing the MoAB Tyrode solution with normal Tyrode solution (i.e., at a time-point just before K-contracture in B of Fig. 2 ), the muscle was transferred into another bath for immunohistochemical treatment for electron microscopy and held at rest length (115010 of the equilibrium length) in a phosphate solution (pH 7.2). After rinsing for 5 min, the muscle was immersed in the phosphate buffer solution (pH 7.2) containing anti-mouse immunogold solution (50 i1 in 200 ul of bathing solution) for 30 min and then rinsed twice in the phosphate buffer solution without immunogold for 30 min each time. After rinsing, the tissue was fixed in 100 mM sodium cacodylate buffer solution (pH 7.2) containing 1 % glutaraldehyde and 5 mM CaC12 at room temperature for 10 min. The bathing solution was then replaced with a solution of the same composition, except containing 2.5% instead of 1010 glutaraldehyde, at 41C overnight. After this fixation step, tissues were rinsed three times in a solution composed of 10010 sucrose and 0.1 M sodium cacodylate buffer, pH 7.2, at room temperature for 30 min each time. The muscle was then post-fixed in 1010 osmic acid solution for 3 hr at 0C. Tissues were embedded in epon 812 and ultrathin (white or silver white) sections were cut with a diamond knife. Sections with (Fig. 5) or without ( Fig. 6 ) routine double staining (usually, each 8 min) with uranyl acetate and lead citrate were examined by electron microscopy (electron microscope, Hitachi 500 or Nihon Denshi 1200, Tokyo).
2) ABC method: For ABC staining, a mouse ABC kit was used instead of immunogold. For detection of peroxidase, diaminobenzidine was used. After routine ABC staining according to the manufacturer's instructions, the muscle was rinsed three times with the phosphate buffer solution (pH 7.2) for 30 min each time and fixed in 2% osmic acid in the phosphate buffer solution for 30 min at room temperature. Segmented muscle preparations were then dehydrated through a graded ethanol series and embedded in Epon 812. Ultrathin (white or silver white) sections were examined by electron microscopy without dou- Electron micrographs (Figs. 5, 6 and 7) were obtained from surface areas of the each papillary muscle.
3H -Ouabain binding to NORP and autoradiography
Con A-sensitive proteins from the WGA-void fraction of TTM-JSR complexes were separated by SDS-PAGE and transferred onto a nitrocellulose membrane. The membrane was incubated with 0.5 'UM 3H-ouabain (S.A., 1 mCi/ml) for 30 min at 231C in the same incubation medium described previously (15) . After this incubation, the membrane was rinsed twice for 5 min each time with the same incubation medium without 3H-ouabain and then dried. For autoradiography, the membrane was exposed to Fuji X-ray film for 4 weeks at -70 C (C-3 in Fig. 1 ). Potentials were recorded intracellularly during the course of the experiment on mechanical responses in the same tissues. The first (before application of MoAB) and the second (after the application and just before the contracture-observations) symbols (•) in Fig. 2B indicate time points of the electrical observatons. Each value indicates a mean ±S.E. (N=5). There were no significant differences in resting and action potentials between before and after MoAB administration.
represents the autoradiogram after incubation with 3H-ouabain. From these data: 1) NORP shows high affinity for Con A but not for WGA, which has high affinity for the various subunits (a,, a2, j3, r and 5) of the DHP-receptor protein (38, 41-43); 2) the MoAB prepared shows high specificity for NORP; and 3) NORP shows high ouabainbinding ability. Figure 2 shows typical mechanograms obtained from kitten papillary muscles. In B, the muscle was first immersed for 60 min in a slightly hypertonic Tyrode solution containing the anti NORP MoAB (10 ug/ml, 2-fold higher than the minimum concentration required for saturation), after which time the normal Tyrode solution was restored. The slightly hypertonic bathing solution was used to increase the accessibility of the MoAB to the TTM by dilating the tubules (37) . As is seen in the mechanogram, about 30 min after removal of the MoAB, both twitch and K-contracture tensions decreased markedly without affecting caffeine-induced contracture and resting and action potentials ( Table 1 ). In Fig. 2C , the procedure was the same as in B except for the use of nonimmune immunoglobulin instead of the anti-NORP MoAB, and no effects of the immunoglobulin were apparent on contractile responses 30 min after restoration of normal Tyrode solution. Comparison (Fig. 4) of contractile responses at this time point between mechanogram B and C shows clearly that the inhibition of contractile responses in B is due to an action of the anti-NORP MoAB itself, indicating that it is the E-C coupling mechanism that is affected by MoAB, since the inhibition occurs without effects on resting and action potentials and caffeine-induced contracture. In A of Fig. 2 (see also Fig. 3 ), where the tissue was incubated with the anti-NORP MoAB (in control, non- immune immunoglobulin was used) in isotonic Tyrodc solution, no significant effect was observed on the E-C coupling process 30 min after removal of the MoAB. In mechanogram A, there appeared to have been a small reduction in twitch magnitude during the 60-min incubation with the MoAB under isotonic conditions, but this was statistically not significant.
Effects of the anti-NORP MoAB on contractile responses
Immunogold images in ultrathin sections of papillary muscle treated with the anti-NORP MoAB Figure 5A shows an electron micrograph of a longitudinal section of cat non-conditioned papillary muscle dou- bly stained with uranyl acetate and lead citrate. In the vicinity of the Z band, there exist diads, the functional and morphological units (19) , of which junctional gaps between the TTM and JSR are connected by feet. Figure 5B shows a control section in which nonimmune immunoglobulin was applied instead of the anti-NORP MoAB (for the procedure, see Fig. 2C and Materials and Methods). The JSR vesicles showed a tendency to swell compared to the tissue shown in Fig. 5A . In these control sections, practically no immunogold particles were seen. Figure 6 shows the immunolocalization of NORP in the anti-NORP MoAB-treated papillary muscle using the immunogold method (for detailed procedures, see Materials and Methods). One noticeable point in this figure is that there are considerable number of immunogold particles, which are hardly observable in Fig. 5B , which was obtained through the use of nonimmune immunoglobulin instead of anti-NORP MoAB. The JSR vesicles showed a tendency to swell, especially those in the hull-portion of the muscle, probably due to the hypertonic Tyrode solution used for application of the anti-NORP MoAB. These immunogold particles are recognizable in the TT-SR functional regions located on the Z band-line level. The gold particles are visible mainly in the TTM-regions near the Z band which were often accompanied by feet. The gold particles were not always present on the external surface of the TTM, although their location would be expected to have a close relation to the TTM-surface. This is probably due to both the possible bending of the longitudinal TTaxis within the cut section and the relationship between marker particles of constitutional complexity and the protein to be detected, NORP.
In Fig. 7 , A and B show typical immunohistochemical electron micrographs obtained by the ABC method, and C is a control section using nonimmune immunoglobulin (cf. the afore-mentioned description in Fig. 5B ). In C, almost no special electron-dense spots are seen; In contrast, in A and B, electron-dense spots are visible that are in close relation to the TTM opposite the feet (i.e., in B, at the external surface of TTM; in A, on the TTM). These results demonstrate that the electron-dense spots result from the antigen-antibody reaction between anti-NORP MoAB and NORP at the TTM; and therefore, they show that NORP or some portion of it is situated at the external surface of the TTM opposite the feet.
DISCUSSION
The present study of NORP was based on the following observations and deductions reported in our previous study (15) : 1) The molecular weight of NORP was found to be 31.5 kD by SDS-PAGE, and it was demonstrated to be localized solely in the TTM-JSR system, a structural system dedicated to the E-C coupling mechanism; 2) NORP shows a high binding affinity for ouabain, and it binds to the drug even at very low concentrations, which are just sufficient to induce the PIE. Therefore, NORP should play a key role in PIE and must be considered in discussions on the mechanism of the PIE of ouabain. Thus, the present study expands our previous findings by applying affinity chromatography and immunological techniques using anti-NORP MoAB (37) .
Figures 1A and 1B show that NORP, the 31.5-kD protein, is a Con A-sensitive glycoprotein, extractable selectively and effectively from TTM-JSR complexes by Con A affinity chromatography, confirming point 1 above. Fig.  1 C shows that NORP is ouabain-sensitive and binds to ouabain at 0.5 tM, consistent with point 2 above. Fig. 1B is significant not only for its confirmation of our previous findings (15) , but also for allowing deductions of the physiological role of NORP. A sufficient quantity of Con Asensitive 31.5-kD protein was extracted from the WGAvoid fraction. This indicates that NORP is WGA-insensitive but Con A-sensitive. It follows that NORP is unrelated to WGA-sensitive proteins such as DHP-receptor protein, including the subunits, which are the glycoproteins of 30-32 kD (38, (41) (42) (43) . Therefore, the physiological role of NORP in myocardial cells probably differs from that of the DHP-receptor and its related proteins.
The present investigation with the anti-NORP MoAB has raised several notable points (Figs. 1, 4 , 6 and 7) with respect to the physiological role and the localization of NORP. As described in the Results section, the protein prepared by means of the immunochemical procedures in the present study is undoubtedly the MoAB against NORP (Fig. IC) , and the minimum saturation value calculated from the ELISA-result for the binding of the MoAB to purified NORP was 5 x 10-6 pg/ml (about 40 nM). Therefore, 1 x 10-5 tg/ml of the MoAB, i.e., twice the minimum saturation value, were used throughout the immunochemical and immunohistological procedures. Thus, since the anti-NORP MoAB showed high specificity, our findings are indicative of the following physiological and pharmacological roles of NORP.
As shown in Figs. 2-4 , the anti-NORP MoAB, applied extracellularly, functionally inhibited E-C coupling in cardiac muscle cells. Since the MoAB is a large molecule, NORP must be located at a membrane-site that is exposed, whether partially or completely, to the extracellular environment. This is compatible with the observation that the MoAB does not influence caffeine-induced contracture that appears to be mediated through an intracellular action of the drug. According to the experiments presented in Figs. 6 (the immunogold method) and 7A and -B (the ABC method), which were undertaken to identify immunomorphologically the site of ouabain attack, the NORP as the ouabain-site appears to be located at sites of the TTM opposite the feet, a ryanodine receptor composed of 4 subunits (44-46), spanning the gap between the TTM and JSR. As described in the Results section, we investigated the localization of the NORP antigen during the course of the evident MoAB-induced inhibition of E-C coupling in living myocardial cells. Therefore, it follows that extracellular NORP at TTM forms a morphological unit for E-C coupling with the feet and junctional SR (i.e., the NORP-feet-JSR unit) and functions as the input-apparatus for E-C coupling. Thus, since NORP is the most ouabain-sensitive component in the TTM-JSR system (15), these immunological observations suggest a sound morphological explanation of why ouabain-PIE proceeds via E-C coupling. The detailed mechanisms by which NORP serves as the input-apparatus for E-C coupling and binding of the MoAB to NORP inhibits E-C coupling remain to be determined, but it seems likely that both are closely related.
How NORP mediates the PIE of ouabain is at present not clear. However, it is interesting to note that proteins homologous to NORP, namely, 31.5-kD Con A-sensitive and WGA-insensitive proteins, have been extracted from TTM-JSR of not only cat cardiac muscle but also muscle tissues from several other species (25, 36, 37, 47, 48) . Of these, that from frog skeletal muscle (37, (47) (48) (49) has been investigated in detail and is composed of a head and tail, the former of which has been shown to move mechanically (37, (47) (48) (49) . Thus, the name "electrometrin" has been suggested for this protein, as its head portion is considered to move mechanically measuring the membrane potentials in a way similar to the indicator of an electrometer and appears, therefore, to behave as an electromechanic transducer (48, 49) . Indeed, the 31.5-kD Con Asensitive and WGA-insensitive proteins from TTM-JSR of various muscle tissues from the various species studied are likely to belong to the electrometrin family; however, immunological investigations have indicated that the MoAB raised against cat cardiac NORP shows a 10010 crossreaction to frog skeletal electrometrin, and a MoAB raised against frog skeletal electrometrin shows a 50010 crossreaction to rabbit skeletal electrometrin, indicating that the new protein, electrometrin, is differentiated to various degrees depending on the functional specificity of tissues (49) . It seems probable that this differentiation has some pharmacological significance.
In conclusion, the present study suggests that E-C coupling in cardiac muscle cells is mediated by input via NORP and that ouabain-PIE takes place through the influence of the drug on NORP in the E-C coupling process.
